ABSTRACT The LLC resonant converter can be used as a dc-dc transformer (DCX) to provide isolation and fixed voltage transfer ratio. For applications requiring bidirectional power transmission, this paper proposes a PWM modulation and control strategy to achieve naturally bidirectional power flow for LLC-DCX, even in the case when the resonant parameters vary. Without the loss of generality, the proposed modulation can achieve ZVS of one side switches and ZCS of other side switches. Meanwhile, the additional benefits are that the PWM logic exchanging of the primary full bridge and the secondary full bridge is avoided and the auxiliary SR circuit is not needed. This simplifies the control and makes the converter to achieve naturally bidirectional power flow. Meanwhile, according to the analysis, it can also provide a fixed voltage conversion ratio independent of switching frequency if properly designed. Furthermore, to accurately locate the zerocrossing instant of the current when resonant parameters vary, the optimal duty cycle tracking based on the perturbation and observation method (P&O) is adopted. The characteristics and design considerations of the proposed modulation and control are also presented in detail in this paper. Finally, the experimental results are given to verify the effectiveness and advantages of the proposed solution.
I. INTRODUCTION
IN recent years, isolated bidirectional DC/DC converters (BDCs) are developing rapidly which have been widely used in electric vehicles, uninterruptible power supplies, and energy storage systems. In view of the power topology for these applications, one solution being adopted by [1] - [3] is dual active-bridge (DAB) converter. It has advantages such as symmetrical structure, ZVS capability, naturally bidirectional power flow control [4] . However, it suffers from limited ZVS range and high turn-off current, leading to a decreased power
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In view of the efficiency, LLC resonant converter is another attractive topology because of its soft-switching characteristics for all power devices under zero to full load range [8] - [13] . When conversion gain range is narrow, such as operating at the resonant frequency, it has very high conversion efficiency as ZVS turn-on and ZCS turn-off can be achieved. While, if the conversion gain needs to be widely adjusted, the converter operating frequency has to be away from the resonant frequency, which could generate high circulating current and reduce the efficiency greatly [14] . To address the issue under wide conversion gain range, two stage conversion structure is studied in [15] - [17] as shown in Fig.1 . The front-end is a LLC resonant converter operating near the resonant frequency to achieve the isolation with high conversion efficiency and it without voltage controller. The voltage regulation capability and the dynamic performance are provided by the second-stage converters, so the second-stage is usually a non-isolated bidirectional DC-DC converter (e.g. synchronous rectifier Buck converter) to achieve the voltage gain adjustment. The LLC converter for the front-end converter of two-stage solution is named as DC/DC transformer (LLC-DCX) [18] , because the operating frequency is fixed and the conversion gain is unregulated.
For the two-stage solution employing LLC-DCX, most of studies are focused on the unidirectional power applications [19] , [20] . Under unidirectional power transmission, the primary side full bridge acts as a high frequency inverter, and the secondary side full bridge acts as a synchronous rectifier (SR). The realization of synchronous rectification needs to control the duty cycle of secondary switches accurately. Some methods detect the current zero crossing point [21] or drain-source voltage of switches [22] , [23] , but additional sensors complicate the topology and it increase the cost. Besides, the performance is affected by parasitic parameters of the circuit. [24] and [25] predict the optimal duty cycle by mathematical model, but in practice, the accuracy of implementation is low. In addition, the coupling of switching frequency, secondary duty cycle and voltage gain will lead to the complexity of control algorithm.
These methods of synchronous rectification make the driver logic different for the two full bridges, and the equivalent model of resonant tank is asymmetric under bidirectional power transmission. To achieve the symmetry of the resonant tank under bidirectional power transmission for LLC converter, an auxiliary inductor is added in [26] , and an auxiliary capacitor can also be added to a CLLC converter [27] . While SR are both need, hence it still cannot be switched smoothly under bidirectional power application. In addition, the power transfer mode exchanging requires the high accuracy sampling, which increases the complexity of the control. In [28] , [29] , the driving signals of the primary side and secondary side are identical under fixed conversion gain. However, the turn off instant of the switches need to be controlled at the point when the leakage inductor current and magnetizing current is crossing. This is hard to control in practice, because resonant parameters may change due to magnetics manufactory, aging and parametric inconsistency.
To address this problem, some observation-based control strategies are proposed [30] , [31] . In [30] the harmonics approximation modeling approach is presented, and the pulse width locked loop is used in [31] . However, these methods are to track and adjust the resonant frequency. The existence of the switching dead time and the coupling between the switching frequency and voltage gain will increase the difficulty of implementation.
In order to achieve natural bidirectional power flow and easy of control, a modulation and control strategy is proposed in this paper which has the following advantages:
1) In the proposed modulation, the resonant current is completely discontinuous with proper design and the magnetizing inductance does not participate in the resonance which is only used to achieve soft-switching. Under this circumstance, constant voltage gain can be achieved under different operating frequency regardless of the load.
2) The driving signals of the primary and secondary sides are identical in bidirectional power transmission.
Hence the LLC operating in the proposed modulation is a natural bidirectional topology. This greatly reduces the control complexity of the bidirectional system. Without the judgment and switching of the mode, the reliability of the system will be improved. 3) When the resonant parameters change, the converter can locate the zero-crossing point accurately and provide the fixed voltage ratio by proposed optimal duty cycle tracking method. Compared with [24] , [25] and [31] , the LLC converter works at a fixed switching frequency which is less than the resonant frequency in this paper, and the switching frequency and voltage gain are decoupled. Therefore, the logic of the proposed control strategy is concise. Compared with [21] - [23] , its realization only depends on the input and output voltage sampling without any auxiliary circuit. In this paper, a modulation and control strategy are proposed to achieve natural bidirectional power flow. The problems of conventional LLC under bidirectional power flow are presented in Section II. In order to solve these problems, the proposed modulation is presented and analyzed in Section III. Based on that, to accurately locate the zerocrossing point under the change of resonant parameters, an optimal duty cycle tracking by perturbation and observation method (P&O) is presented in Section IV. The design considerations are given in Section V. Experimental results based on a prototype are shown in Section VI, which verifies the effectiveness of the proposed solution.
II. PROBLEMS OF CONVENTIONAL LLC UNDER BIDIRECTIONAL POWER FLOW
The LLC resonant converter topology is shown in Fig.2 . The converter is composed of two active full bridges, a transformer and a LLC network. V HV stands for the high side voltage, and V LV is the low side voltage. It is defined that the forward power operation occurs when power transfers from high voltage side to the low voltage side, otherwise the converter runs at backward operation. Under normal operation, one full bridge works as a high frequency voltage inverter, and the other side full bridge works as a SR. Generally, to achieve the ZVS of one side switches and ZCS of the other side switches, it is suggested to operate the switching frequency f s to be higher than the resonant frequency of the resonant tank f r [32] which is shown as The theoretical waveforms when f s > f r under forward and backward power transmission are shown in Fig.3 . Under forward operation, as shown in Fig.3(a) , the turn on time for
to achieve exactly ZCS of switches and also to avoid backward resonance [33] . While, under backward operation, as shown in Fig.3(b) , the turn on time for
When the power directions changes, the roles for the two full bridges will exchange, and the driving signals for the two full bridges needs to be exchanged accordingly [34] . This mode exchanging requires the high accurate sampling of the voltage and current to evaluate the power, and it also increases the complexity of the control. Besides, when the LLC is under backward operation, the excitation inductance is clamped all the period, which results in the change of the voltage gain characteristics. Therefore, the traditional LLC resonant converter is not a natural bidirectional power flow topology. Furthermore, the accurate achieving of synchronous rectification requires additional auxiliary circuits to locate zero crossing point of resonant current [35] . In bidirectional power applications, if these circuits are added, all the eight switches PWM signals have to change the role between zero cross detection mode and inverting mode according to the power direction. This would increase the complexity of both the hardware and software design.
To avoid the aforementioned undesired situations, one way is to make the turn-on time for all the switches exactly the same. Then, the exchanging of inverter mode and rectifying mode is not necessary. This requires the converter to working exactly at the point when switching frequency (f s = f r ), which serves as an isolated converter with constant voltage gain (LLC-DCX) [31] . The DCX working point in the voltage gain curveM (f N ) of LLC converter under different Q (Quality Factor) are shown in Fig.4 . Where
n is the transformer ratio. As shown in Fig.4 , theoretically, when operated at DCX point, the voltage gain will be constant. However, in practice, because the parameters of resonant components can vary due to magnetics manufactory, aging and parametric inconsistency, the operating frequency will change to the two sides of the DCX point. Once the DCX point are not ensured, PWM logic exchanging will still be needed to avoid backward resonance, and the fixed gain property is lost because the voltage gain will change as seen from Fig.4 .
III. PROPOSED MODULATION TO ACHIEVE NATURAL BIDIRECTIONAL POWER A. OPERATION MODES UNDER PROPOSED MODIFIED MODULATION STRATEGY
In this section, a modified modulation strategy is presented. It can provide fixed voltage ratio, natural bidirectional power flow, and synchronous secondary rectification without adding auxiliary circuit. The key waveforms of the proposed modulation are illustrated in Fig.5 . The difference of the proposed modulation strategy in comparison with the traditional LLC resonant converter is that the switches of the HV side and the LV side work simultaneously. The switching frequency is fixed and less than the resonant frequency. It only needs to ensure that their duty cycle is equal to the half resonant period as shown in (2) .
where T s and T r are the switching period and the resonant period. D is the duty cycle of switches. As shown in Fig.5 , there are two operating modes with the proposed modulation: discontinuous current mode (DCM) and current continuous mode (CCM). When the converter operates in CCM, the circulating current and turn-off loss will increase. Besides, the zero-crossing point of the resonant current changes with load, which results in that the voltage ratio is no longer fixed. Hence CCM should be avoided in practice. As a result, only DCM operation are discussed here, and the design to avoid CCM operation would be given in later Part C.
Under DCM, once (2) is satisfied, the voltage ratio is independent of switching frequency. Meanwhile, the magnetizing inductance does not participate in resonance all the period. Since the forward and reverse modes are symmetrical, only forward operation is analyzed. The detailed working waveforms of forward operation is shown in Fig.6 . 
where Z r = √ L r /C r , and ω r = 2πf r . V Cr is the peak value of resonant capacitor voltage.
The relationship between i Lm , i Lr and i Lr2 is expressed as
The secondary-winding of the transformer is clamped by V LV . Hence i Lm is expressed as After t 3 , the operation mode is similar to stage 1, and the other half switching period begins.
In the half period, the relationship between v Cr and i Lr is expressed as
v Cr is from -V Cr to V Cr by 1/2 switching periods, hence V Cr is expressed as
where P is the transmission power.
B. CONSTANT VOLTAGE GAIN
The average value of the resonant current i Lr (t) is equal to I HV which can be obtained by
Ignoring the power losses, the HV side current can also be expressed as
where R LV is the equivalent resistance of V LV . Substitute (8) and (9) into (10), the relationship between the V HV and V LV can be derived
According to (11) , the voltage gain curves can be obtained as shown in Fig.8 . When f s < f r , the voltage transfer ratio of the proposed modulation is kept constant to 1 which is load-independent. 
C. CONDITIONS OF DCM OPERATION
At t 2 , i Lr is zero while v Cr is V Cr as shown in Fig.6 . For the resonant tank, the resonant capacitor tends to discharge, while the resonant current i Lr trends to reverse backward. As shown in Fig.9(a) , assuming that the resonant current is reversed, the resonant current of HV side will flow through D 1 , D 4 , and the resonant current of LV side will flow through D 6 , D 7 . In this case, the converter operates in CCM. The simplified resonant tank is shown in Fig.9(b) . Ignoring the forward voltage drop of the diodes, then the conduction condition of the four diodes is expressed as
where i Lr is expressed as i Lr (t) = −(V HV + nV LV ) + V Cr Z r sin w r (t − t 0 ) (13) Assuming that the resonant current is critical continuous, then V Cr − (V HV +nV LV ) is approximately equal to zero. Hence the resonant inductance voltage L·di Lr /dt can be ignored. According (12) , the conduction condition is expressed as
Equation (14) shows that, when P < 8V 2 HV f s C r is satisfied, all the diodes are reverse biased and hence there is no possibility for the oscillation to continue by reversing the current direction which means the converter operates in DCM mode. The boundary condition of DCM and CCM is shown in Fig.10 . When the input voltage and switching frequency of the converter are determined, the resonant capacitance is proportional to the critical power of DCM.
IV. OPTIMAL DUTY CYCLE TRACKING BY PERTURBATION AND OBSERVATION METHOD (P&O)
The waveforms of i Lr with mismatched resonant period and duty cycle D are shown in Fig.11 . 
The average value of LV side current in the three cases can be expressed as
V LV can be expressed as
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According (15), (16) 
It can be seen that when D = D 0 , the average value of resonant current decreases, and it will cause the voltage gain to decrease and be less than 1. Meanwhile, when the converter operates at a non-optimal duty cycle (D 0 ), the circulating current and turn-off loss may be generated as shown in Fig.11(a) and Fig.11(b) , so the efficiency of the converter will decrease. Hence the duty cycle needs to be adjusted in time to reach optimum point.
When the converter works, it always exists one optimal duty cycle (D 0 = T r /2T s ) to make the voltage gain to be closest to 1. In order to unify the control logic of bidirectional power transmission, the unified voltage gain variation of forward and reverse power flows defined as
The relationship of M and D is shown in Fig.12(a) . It can be seen that there is only one optimal duty cycle to minimize the value of M . According to this feature, the optimal duty cycle can be tracked by perturbation and observation method (P&O).
The control block diagram of the proposed control strategy is shown in Fig.12(b) , the optimal duty cycle tracking by P&O does not need the current sense circuit, and it is realized by the input and output voltage sampling. In addition, the unified control strategy for bidirectional power flow simplifies the control complexity and improves the reliability.
The proposed control flowchart is shown in Fig.12 (c) and it has three distinct stages as listed below: 1) Calculate M according to (19) . Repeat the above steps, and the converter will work at the optimal duty cycle to achieve a voltage gain which is closest to 1. The search step D can be defined as
where k is a non-negative constant. According Fig.12(a) and (20), M varies rapidly when it is away from the optimal duty cycle, hence the tracking step is long and the tracking speed is fast; when the duty cycle is approaching at the optimal point, M varies slowly, VOLUME 7, 2019 hence the tracking step size decreases and tends to zero. Finally, the converter works stably at the optimal duty cycle, meanwhile the steady-state errors and the oscillation are suppressed. In addition, when the heating or aging of the passive components causes the change of parameters, the converter can continue to track the optimal duty cycle after change.
V. DESIGN CONSIDERATIONS
This section introduces a design example of the proposed solutions with 340 V for HV and 20V for LV. The rated power is 1200W.
A. TURNS RATIO OF THE TRANSFORMER
According to (11) , the voltage gain of the proposed modulation is 1, so the transformer turns ratio n can be derived as
According to the range of designed transmission voltage. The turns ratio n is selected as 17.
B. RESONANT TANK, SWITCHING FREQUENCY AND TRACKING PARAMETERS
In order to ensure that the optimal resonant frequency can be tracked when the resonant parameter fluctuates by 30%. The dead time T DT can be defined as
Hence the switching period and the switching frequency can be expressed as
In addition, as seen from the boundary condition of DCM-CCM, C r > P/8f s V 2 HV needs to be considered to ensure that the converter operates in DCM. Meanwhile Z r = √ L r /C r needs to be high enough to reduce the peak value of the resonant current.
Because the tracking of the optimal duty cycle is aimed at the heating or aging of the devices which is under large time scale, the response speed does not need to be fast. In order to improve the stability of the system, the tracking period is set to millisecond level.
According to the above conditions, the design parameters are shown as following: f s = 60kHz, f r = 86kHz, C r = 0.1µF, L r = 34µH, the tracking period is 500ms and the initial tracking step is 0.2µs.
C. THE CONDITIONS OF SOFT SWITCHING
The excitation inductance should be selected to be as large as possible to reduce the circuiting current-related conduction loss. Also, the magnetizing inductance should be designed smaller enough to achieve ZVS. I Lm p k is the peak value of the excitation current which can be obtained by
The ZVS conditions of the HV-side MOSFETs and the LV-side MOSFETs can be obtained by
According to (19) and (20), the boundary conditions of soft switching can be obtained
In this paper, the type of HV side switches is FCH072N60F and the type of LV side switches is PSMN1R5-40PS. C OSS of HV side switches is 441pF, C OSS of LV side switches is 2042pF. According to the above equations, the magnetizing inductance L m is chosen as 1.7mH, and the dead-time T DT is from 0.7µs to 4µs.
VI. EXPERIMENTAL VERIFICATION
A 1200W experimental prototype is built to verify the effectiveness of the proposed solution. The application of the experimental prototype is the front-stage converter of twostage topology. HVDC Bus is 340V which can connect to grid by inverter. LVDC Bus is 20V which can connect a bidirectional non-isolated DC-DC converter to regulate the voltage accurately. The experimental prototype designed in this paper can be regarded as a 340V/20V DC transformer. The specifications of the prototype are given in TABLE 1, based on the aforementioned design process. The waveforms when the resonant parameters are not matched with duty cycle without using proposed optimal duty cycle tracking method are shown in Fig.13 . Fig.13(a) is the waveforms with D < D 0 = T r /2T s , and it can be seen that the switching signal turns off before the current reaches zero and the turn-off loss is generated. Fig.13(b) is the waveforms with D > D 0 =T r /2T s , and the circulating current, turn-off current and switching noise are existed. Therefore, the loss of the converter increases in these two cases.
The steady-state waveforms with the optimal duty cycle tracking are shown in Fig.14. Fig.14(a) and Fig.14 and full load (1200W). When the optimal duty cycle is tracked, the zero-crossing point of resonant current is fixed and does not change with load. Meanwhile, the waveforms of forward and backward power transmission are basically symmetrical and the driving signals for S 1 and S 5 are identical, which matches with the modulation scheme shown in Fig.6 .
The soft switching waveforms are shown in Fig.15 . It can be seen that ZVS can be achieved with the proposed modulation under bidirectional power transmission.
The dynamic waveforms are shown in Fig.16 . Fig.16 (a) is the waveforms of no-load switching to forward 400W. Fig.16(b) is the waveforms of backward 400W switching to forward 400W. As shown in Fig.16(a) , when the load changes, the output voltage can be kept constant. As shown in Fig.16(b) , the resonant current I Lr L V and the LV side currentI LV change smoothly when the load and power direction switch. The experimental results show that the LLC converter achieves natural bidirectional power flow under the proposed modulation and control strategy.
The voltage gain curves of the optimal duty cycle are shown in Fig.17 . The measured results are the actual values including the voltage drop of switches conduction and line conduction. It can be seen that the measured voltage gain is close to 1 under different load condition which is consistent with the simulation results. The efficiency curves of the proposed modulation are shown in Fig.18 . Compared with the result of the mismatched resonant parameters, the converter has the highest efficiency with the optimal duty cycle tracking and the efficiency gap increases with the power.
VII. CONCLUSION
In this paper, a PWM modulation is presented to achieve naturally bidirectional power flow and synchronous rectification without adding auxiliary circuit for LLC-DCX When the resonant parameters changes, the converter performance can still be ensured with the proposed optimal duty cycle tracking method. It can maximize the system efficiency, provide fixed voltage ratio and locate the zero-crossing point of resonant current automatically. The working modes of the converter, DCM operating conditions and realization of duty cycle tracking are introduced in details. Experimental results have shown that the proposed method is effective to achieve naturally bidirectional power, constant gain and self-adaption for resonant parameter changing. 
